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Introduction
Since 2006, INDOT has been preparing an annual five-percent report that identifies intersections and segments on Indiana state roads that require attention due to the excessive number and severity of crashes. Many of the identified intersections are twoway, stop-controlled intersections located on high-speed, multilane, rural roads. Some contributing design and human factors have been identified, while other factors still await investigation.
Multivariate ordered probit models have been developed to help identify additional factors of the frequency and severity of crashes. These models can estimate how much different factors increase the frequency of crashes at several levels of injury severity (fatal/ incapacitating, non-incapacitating/possible, and property-damageonly). They have a unique ability to account for unobserved but common conditions that affect all of the crash severity levels. Recommendations for safety countermeasures are made based on both of these research results and our study of published reports of other authors.
Findings
The statistical analysis was performed on 553 existing intersections in Indiana and 72 existing intersections in Michigan using crash data reported during a four-year period. The identified safety factors include the following: presence of horizontal curves within the intersection vicinity, traffic volume on the major road, land use, population of the area surrounding the intersection, the minor road functional class (traffic volume on minor road unknown), nearby at-grade railroad crossings, intersection conspicuity to drivers on the major road, acceleration lanes for both left and right turns, median width, intersection angle, and number of intersection legs. These results are in line with other research results as documented in the literature review.
Based on the results of this and other studies, recommendations are made to improve safety at new intersections as well as at existing intersections. For new intersections, construction of medians wider than 80 feet is suggested. Where this is not possible and a narrower median needs to be constructed, adding a parallel acceleration lane for vehicles turning left from the minor road is suggested. Intersections should be placed at a sufficient distance from horizontal curves and from at-grade railroad crossings. Solutions with indirect left-turn lanes (Michigan U-turns, J-turns) are recommended.
At existing intersections experiencing excessive numbers of crashes involving vehicles from the minor road, median closure should be considered or a median opening should be restricted to certain maneuvers. Median acceleration lanes can be added in order to allow a two-stage maneuver for left turns from the minor road. Enhanced guide and warning signage can be used to improve intersection conspicuity; adding road illumination can especially help at night. The practice of adding left-and right-turn bays should be continued as this is a proven intersection safety improvement practice. Applying these countermeasures may help improve safety and avoid the construction of expensive grade separations.
Finally, advanced intersection collision avoidance systems, such as road-side dynamic signs warning drivers on the minor road about a short gap on the major road, should be the subject of pilot studies in Indiana. Experiments in other states have indicated that these systems help drivers choose safe gaps.
Implementation
The recommendations for new intersections should be reflected in the Indiana Design Manual to help designers select solutions that may promote safety at high-speed rural intersections. The recommendations for existing intersections can be implemented as a part of the Hazard Elimination Program. The guidelines and tools for safety audits and supporting computer tools (such as RoadHAT) should include these countermeasures among its alternative improvements together with crash reduction factors and other inputs needed for an economic analysis of the benefits and costs. The below listed countermeasures need before-and-after studies to confirm their effectiveness in increasing safety and to estimate the crash reduction factors to facilitate economic analysis, which is a necessary step in the implementation of these countermeasures:
N Median acceleration lanes N Indirect left turns (U-turns and J-turns) N Enhanced intersection approach signage N Intersection collision avoidance systems LIST OF TABLES Table  Page   Table 2 .1 Design Vehicle Lengths 3 Since 2006, INDOT has been identifying intersections and segments on Indiana state roads that require attention due to the excessive number and severity of crashes (1) . Many of the identified intersections are two-way, stop-controlled intersections located on highspeed (60 MPH speed limit), divided, multi-lane, rural roads; and any collision that occurs at these intersections could potentially be severe. Although the average numbers of crashes at rural high-speed and other intersections in Indiana are comparable (1.2 crashes per intersection per year), the percent of crashes with fatalities and incapacitating injuries are considerably higher at the high-speed rural intersections (3.5% vs. 2.3%). A literature study confirmed that this problem exists in other states as well (2, 3) . Due to the prevalent high speeds, any collision that occurs on a multilane rural road is potentially severe.
Roadway and human factors, as well as other factors, affect the level of safety at high-speed rural intersections. Some of these factors have been identified while others still await identification. For instance, past research in Indiana (4), Iowa (2), and Nebraska (5) has determined that intersections near horizontal or vertical curves tend to have a higher crash rate than those intersections located on tangent sections of highways. Some studies postulate that drivers may find it difficult to estimate the inter-vehicle gaps in highspeed traffic flows coming from opposite directions. Burchett et al. (2) indicates that many drivers turning left onto the major road have more difficulty judging gaps in the far side of traffic coming from the right, compared to the near side of traffic coming from the left. This difficulty increases at intersections located on horizontal curves where drivers find it equally difficult to find a safe gap in either direction.
Past efforts to identify effective countermeasures that would successfully increase safety at high-speed rural intersections has brought mixed results. Several traditional countermeasures have been tried with varying degrees of success, including warning signs, overhead flashers, and rumble strips (6). Preston and Storm (7) concluded that rumble strips and flashing blinkers have not been demonstrated to consistently improve safety at two-way stop-controlled intersections. Subsequently, the Minnesota Department of Transportation (8) issued a new policy of removing all overhead yellow/ red flashing beacons.
Many other countermeasures (typically improvements of roadway geometry) have been proposed in the past which actually improve safety; these typically include widening the median, improving the intersection angle, reducing the approach speed, staggering the cross road approaches, eliminating the median opening and replacing it with U-turns, and installing street lights. Great Britain successfully improved safety at rural intersections in the 1970s by replacing four-leg intersections with two three-leg intersections (staggering the crossing road approaches). ''J-turn'' intersections that eliminate crossing maneuvers from minor approaches have been installed at some locations in Maryland, which have considerably increased safety by reducing the number of severe crashes (9) . There are also technology-based solutions proposed in the literature that are meant to help drivers evaluate the size of a gap on the major road, but field evaluation is needed.
The available literature on the ''Michigan Left'' median U-turn treatment (which is similar to the Jturn) mainly focuses on signalized intersections on urban and suburban boulevards, but it insufficiently covers unsignalized intersections on rural divided highways (10, 11, 12, 13) . Little is known about the effects of other potential safety countermeasures applicable to rural high-speed intersections, some of which are still considered experimental.
Thus far, to the authors' knowledge, the most substantial research on the safety of high-speed rural intersections was conducted in Iowa and in neighboring Nebraska and Minnesota (2, 3, 5) . The authors of these studies admit that the research scope and sample size are limited, and further study on a larger sample of intersections is recommended. Burchett et al. (2) recommended that more comprehensive research involving more sites needs to be done to confirm their results and to identify additional safety factors and effective countermeasures. An Indiana study was limited to intersections on curved segments (4, 14) .
A systematic data-driven analysis of a large number of Indiana high-speed rural intersections is needed to estimate the impact of road design components and other circumstances on traffic safety at these intersections. A research study is needed to identify the safety factors and countermeasures at high-speed rural intersections through a systematic and comprehensive analysis of available data for the state of Indiana. The results of the past research will also be studied and counter-imposed against the Indiana results. More importantly, the most promising experimental solutions will be identified and recommended for application at a number of intersections for evaluation purposes with a possibility for implementation on a large scale.
Scope of Work and Research Objectives
The Indiana Five Percent Reports over the past several years have provided a convincing indication that high-speed rural intersections experience excessively frequent and severe crashes (15) . Given the limited body of knowledge about the safety factors at high-speed rural intersections, the primary question pertains to the causes of this hazard. Although high speed is the primary suspect, reducing the speed in the rural areas is both unacceptable to many motorists and difficult to achieve. A more practical question is then: what factors make some of the intersections on highspeed rural highways more dangerous than other intersections of the same type? Even where the basic design standards are met, there may be a combination of geometric, traffic, and other characteristics that increase the risk of crashes (e.g., horizontal curvature, presence or absence of turning lanes, lighting, signage, traffic volumes along both the main road and the crossroad). Knowing these conditions may induce ways to improve safety at such intersections by improving the existing intersections and by better designing new ones. The aim of this research is to attempt to provide some answers to these questions.
There are four research objectives for this research project:
1.
Identify the factors and combinations thereof that make some high-speed intersections more dangerous than others.
2.
Recommend improvements (proven to be cost-effective in practice) at existing intersections that will improve their safety. 3.
Develop design recommendations for new intersections that will help avoid high-risk solutions. 4.
Point out promising experimental solutions that should be considered for pilot studies in Indiana.
This research will focus on two-way stop-controlled intersections located on four-lane rural roads. A statistical analysis will be conducted to identify factors and their combinations that lead to an increased occurrence of crashes in Indiana with a special attention to severe crashes. In addition to this analysis, past research reports and other publications also will be studied to identify promising safety countermeasures. The results of the modeling effort and the literature search will be used to develop specific recommendations to improve safety at new construction and existing intersections already in operation.
Organization
The remainder of this report is organized into the following chapters:
N Chapter 2-Literature Review. This chapter provides an overview of the existing design practices for unsignalized intersections on high-speed rural highways and of the implemented safety treatments for existing intersections. Several promising countermeasures and the limitations of the previous studies are highlighted.
N Chapter 3-Data Collection. This chapter describes the intersections and the crash data collected from them for this study. A sample of 557 intersections in Indiana and 72 in Michigan were selected and data were collected on the geometric characteristics, traffic count data, population and land use surrounding the area, and other factors that may affect the frequency and/or severity of crashes. The crashes that occurred at these intersections were identified in the available datasets for Indiana and Michigan and were assigned to individual intersections. Finally, a statistical summary of the intersections and crash data are presented.
N Chapter 4-Modeling Method. This chapter provides an overview of the econometric modeling method utilized for this project.
N Chapter 5-Results. This chapter discusses the model estimation results; namely, which intersection attributes increase or decrease the crash frequency at different levels of injury severity. These severity levels include the most severe crashes (involving deaths and incapacitating injuries), the least severe crashes involving property damage only, and the crashes of moderate severity (including only minor injuries).
N Chapter 6-Recommendations. This chapter provides a synthesis of recommendations to improve safety based on the results of the current and other studies as outlined in the literature review. Recommendations are provided on how to improve safety at new intersections as well as at existing intersections.
N Chapter 7-Conclusion. This final chapter summarizes the work accomplished in this study and suggests some directions for future research.
LITERATURE REVIEW
It has long been recognized that intersections are the element of the roadway system that experiences the greatest number and severity of crashes; at least onethird (16) and as much as one-half (17) of all crashes occur at intersections. This is expected because different traffic streams meet and conflict with each other at intersections. Intersections involving high-speed multilane divided highways (also known as ''expressways'') and minor streets with two-way stop control (2, 3) are no exception. Although expressways are considered to be safer than two-lane roadways (3) any collision that occurs at an intersection on these types of roadways could potentially be very severe due to the high speeds. It is helpful to know the intersection characteristics on these divided highways that contribute to more crashes in order to identify safety countermeasures.
The aim of this literature review is to determine the safety-related operational deficiencies of high-speed rural intersections and to identify countermeasures that have already been tried, tested, or proposed, and which of those have been found to be effective and which ones do not improve safety.
Design of Intersections on Divided Roadways
The American Association of State Highway and Transportation Officials (AASHTO) and several states (18, 19) have developed design guidelines for intersections on roadways with medians.
Note that, in the case of intersections on divided highways, the median is sometimes used as a refuge space for vehicles to wait for traffic to clear in both directions, an example of which is shown in Figure 2 .1. To that end, the AASHTO Policy on Geometric Design of Highways and Streets (''Green Book'') (20) recommends that medians on rural divided highways be as wide as practical; a minimum median width of 25 feet is suggested so that a typical passenger car can stop safely inside it. However, the AASHTO (20) also suggests that median widths should be larger to accommodate longer design vehicles (i.e., at least 50 feet to accommodate a school bus and perhaps even wider (about 80 feet) to accommodate larger trucks). Harwood et al. (21) stated that one concern for driver confusion at wider intersections turned out to be unfounded.
However, not all medians are wide enough to accommodate this operation for all design vehicles. AASHTO (20) not only contains guidance on median intersection design, but also gives the lengths of various design vehicles. Table 2 .1 shows the lengths of some of the more common design vehicles.
The majority of rural divided highways in Indiana have medians that are between 50 and 60 feet wide. A few have medians as narrow as 30 feet. While this may be adequate for a typical passenger car, and sometimes even a typical school bus, it can be problematic for larger trucks. If the median is not wide enough, this can result in an increase in angle crashes should a large truck attempt to use the median as a refuge, because the vehicle may extend into the travel lanes. However, larger medians can increase the expense of building a divided highway and may not be practical in areas with constrained conditions. NCHRP Report 375 notes that crashes and other undesirable driving behavior decrease as the median width increases on rural highways (21) . The report presents a study on design practices by several agencies concerning median design. One agency had a policy of widening the median width to 150 feet at major intersections. Some agencies consider the use of the school bus as the design vehicle for the median width; others consider the left-turn queues in the median design. Interestingly, some agencies intentionally design for a narrow median so as to force waiting vehicles to cross both directions of traffic at the same time. As discussed below, this can result in a very problematic operation.
Specific Issues that Have Been Identified
Several factors have been identified thus far that are believed to contribute to increased crash rates at twoway stop controlled rural divided highway intersections.
One of those factors considered as major is the volume of intersecting traffic. Burchett et al. (2) determined that intersections with higher volumes of through and crossing traffic had higher crash rates than intersections with lower traffic volumes.
Land development adjacent to intersections also has been determined to be a factor in the number and severity of crashes. Burchett et al. (2) concluded that multi-lane divided highway intersections in residential and commercial areas tend to have more crashes than agricultural areas. Furthermore, the crashes in residential and commercial areas tend to be more severe (injuries and fatalities) than in agricultural areas.
Roadway characteristics at and around intersections also affect the number and severity of crashes. For example, research results in Indiana (4), Iowa (2) and Nebraska (5) indicate that intersections near horizontal or vertical curves have a higher crash rate than those intersections located on tangent sections of highways.
The published literature expresses a concern about drivers accepting inadequate gaps when crossing or merging onto the major road with a divided roadway. At several intersections, especially where the median is narrow, many drivers must simultaneously select gaps in high-speed traffic coming from both directions simultaneously, and this can cause difficulties and hazard for all the involved vehicles on major and minor roads. A gap of 6.5 seconds or longer is considered sufficient by AASHTO (20) for smaller vehicles crossing the major road and a gap as long as 10.5 seconds for large trucks. This gap is determined as the sum of the travel time needed by a vehicle to cross the major road at the design speed plus a certain buffer time. Burchett et al. (2) determined that many drivers have difficulty judging gaps in high-speed traffic on a multi-lane divided highway, and that drivers attempting to cross or turn left into a divided highway had more difficulty judging gaps in the far side of traffic (traffic coming from the right) than in the near side of traffic (traffic coming from the left). A possible exception occurs at intersections located on a horizontal curve, in which case many drivers had about equal difficulty with deciding which gaps are safe regardless of the direction.
Alexander et al. (16) found that right-angle crashes account for 36 to 50 percent of crashes at expressway intersections, which is significantly more than the 28 percent of right-angle crashes at intersections that occur at other types of roads. The predominant problem identified is that of drivers judging/safe gap lengths, while reduced intersection identification and stop sign violations have been pointed out as relatively minor factors.
In a previous study at Purdue University, Van Maren (22) found that one major problem at rural high-speed intersections is that ''cars entering from the minor roadway are not certain when an adequate gap exists in the far lanes of traffic. Drivers may consider stopping in the median to be unsafe, so [they may] try to go all the way across at one time. If their estimation of a safe gap is wrong, a serious accident may occur.'' His report also shows that the number of crashes increases (a) as the traffic volumes on the minor roadway increase and (b) when there is sharp curvature on the major roadway.
Potential Countermeasures
NCHRP Report 500 (6) lists a variety of countermeasures that can be used to improve safety at the studied types of intersections, which have had varying degrees of success. NCHRP Report 500 (6) categorizes them as having been proven to work (P), tried by several jurisdictions (T) with inconsistent results in practice, or experimental (E) and still under development. Table 2 .2 summarizes the potential countermeasures and their overall experience, adopted from NCHRP Report 500 (6) . The discussion that follows outlines in depth some of the other countermeasures that have been used.
Sight Distance
The first step in improving intersection safety is to provide adequate sight distance to allow drivers to select adequate gaps in traffic. If the sight triangles at the intersection, as determined by AASHTO (20) , are not kept clear of obstructions, this can lead to crashes that occur when a minor road driver pulls into the intersection when it is not safe. Providing the required sight triangles is absolutely essential for a minor road driver to be able to watch for traffic on the major road.
Geometric Improvements
Several geometric improvements have been proposed to reduce the conflicts between different movements at intersections, as well as to allow drivers to seek gaps in only one direction at a time when crossing or turning left onto a divided highway.
One common and effective geometric improvement is to provide exclusive left-turn or right-turn lanes. In many cases, drivers turning off the major highway have to slow down to turn right or left; and, in the case of NCHRP Report 650 (23) documents a case study in North Carolina where offset left-turn lanes were installed at locations where there was a heavy volume of left-turning vehicles departing the major road. The before-and-after study documented a decrease in severe crashes. However, offset left-turn lanes were not found to be appropriate where there is significant traffic from the minor road. This is due to the unclear yielding rules and the increase in conflicts on each side of the divided highway (18) .
According to Van Maren (22) , a highway design shouldn't force drivers to make too many decisions simultaneously. An at-grade intersection on a divided highway with a narrow median, a driver on the minor road must monitor gaps simultaneously in both streams to find a gap sufficient to cross the major highway. In some geometric solutions, conflict points are separated with sufficient distances to facilitate crossing or turning left onto the major road in stages. This solution allows drivers to monitor gaps in one direction at a time. Two countermeasures, other than widening a median, have been proposed-the median U-turn and the median acceleration lane-that remedy the situation by allowing drivers to find a safe gap in one traffic stream at a time.
In Michigan, the median U-turn treatment, commonly known as a ''Michigan Left,'' redirects left turns to and from the divided highway-and in some cases the crossing through movements also, via a mandatory right turn on the minor roadway-to a U-turn lane downstream (10, 12) . After the U-turn, the minor road traffic can continue along or across the divided highway. In the cases where the minor road through movements are permitted directly across the major roadway, the median is usually wide enough to accommodate a vehicle waiting to cross the opposing direction of traffic.
Similar treatments have been implemented in other states. For example, the Maryland Department of Transportation implemented a version of the median U-turn treatment, known there as a ''J-turn,'' that closes the median except for the left turns leaving the divided highway, and redirects all crossing and left-turn traffic onto the divided highway to a U-turn crossover downstream. Figure 2 .6 illustrates these treatments. Such treatments are believed to reduce the crash rates considerably. In one outstanding case documented in the published literature, 38 crashes occurred in three years (12.7 crashes/year) before the implementation of U-turns, with far-side right-angle crashes being the most common, Following implementation, only four crashes occurred in the ensuing six years (1.5 crashes/ year) (9, 23, 24) .
Some jurisdictions in Mississippi, Missouri, and Nevada are implementing left-turn acceleration lanes in medians to help left-turning drivers accelerate and merge with the far-side traffic stream, similar to freeway on-ramps located on the left-hand side of the main-line lanes (3, 18, 12, 23 ). Left-turn acceleration lanes apparently help drivers merge into high-speed traffic and may also provide additional space for evasive maneuvers. Nevertheless, they may not be as desirable if the volume of vehicles from the minor approaches is high. The left-turn acceleration lanes reduce the within-median storage space used by the vehicles from the minor roads.
Assisting Drivers with Finding Safe Gaps
Some experimental measures have been taken to help drivers identify safe gaps in the major traffic stream. For instance, the Pennsylvania Department of Transportation is currently experimenting with painted ''goalposts'' along the side of the roadway, to help drivers stopped on the minor roadway judge safe gaps in the cross traffic stream (6) .
Several jurisdictions are implementing a dynamic collision avoidance warning system. This system uses ''speed trap'' detectors which detect vehicles in the crossing traffic streams and relays that information to other drivers via several means. One such system, conceived in Minnesota, uses a variable-message sign that informs drivers of the speed of approaching vehicles, or how much time remains before the other vehicle on the conflicting direction enters the intersection (3). The US DOT FHWA, the Minnesota Department of Transportation (Mn/DOT) and the University of Minnesota ITS Institute have developed the Cooperative Intersection Collision Avoidance Systems-Stop Sign Assist (CICAS-SSA) program. CICAS-SSA uses sensing technology, a computer processor, and algorithms to determine unsafe conditions, along with a driver interface, to provide timely alerts and warnings which are designed to reduce the frequency of crashes at rural expressway intersections (25) . Appendix C provides an illustration of the system's operation. According to the authors, the system is not designed to help drivers choose safe gaps, but rather to recognize and properly respond to unsafe gap conditions (i.e., to assist drivers to reject unsafe gaps), which is accomplished by a clear indication that it is unsafe for a driver to proceed.
Other systems in Maine, Virginia, and Missouri use merely a flashing light on a sign to warn of coming vehicles (3, 6) .
Even though research results thus far have been promising (23), these measures are still considered experimental and are undergoing further evaluation.
Improving Recognizability
Several agencies, such as Nebraska and Ohio, have been replacing their existing signage with larger signs and also have been adding signs. This improvement gives approaching drivers on the major roadway early warning that they are approaching an intersection. These signs name the crossing road and/or the destinations to provide better guidance and help drivers decide in advance if they need to turn off at the intersection.
The Nebraska Department of Roads installed diagrammatic guide signage in advance of several at-grade intersections to make drivers on the major road more aware that they are approaching an intersection. An example of this type of signage is shown in Figure 2 .7. No studies were found that confirmed the safety benefits of this type of advanced intersection signage (23), but it is expected that these signs are beneficial.
In Ohio, several at-grade divided highways also have enhanced signage in advanced of intersections. Not diagrammatic and of a different design than the Nebraska example, the signs are meant to increase the conspicuity of the intersection. An advance street name sign is placed approximately one-half mile in advance of the intersection. Next, an intersection warning sign is placed about one-quarter mile in advance. Then, another advance street name sign is placed in advance of the intersection, along with lane-use signs. Finally, a large street name sign is placed at the intersection itself. This sequence of signs is codified as a standard in Ohio's Traffic Engineering Manual (26) , and an example of this signage sequence is illustrated in and 2.13 illustrate typical signage that is used in Indiana. Note also that some intersections in Indiana have no advance signage.
NCHRP Report 650 (23) includes a case study using larger, freeway-style signage. At a stretch of US-52 in Minnesota, an intersection originally having conventional route-number guide signs (similar to the sign shown in Figure 2 .13) was experiencing a large number of severe crashes. There were other factors as well, such as rolling terrain, horizontal curvature, and vegetation growth that obstructed the visibility of the intersection. It was noted, however, that the original guide signs were easy to miss by drivers moving at high speeds. Larger freeway-style guide signs, similar to Ohio's signing practices for at-grade intersections, were installed. Crash data were collected for the 3 years before the installation of the enhanced signage and the 2K years after. Overall, the crash rate increased slightly in the after period. However, there was a significant reduction of angle crashes (the most severe crash type), which were the type of crashes that the signs are meant to address (23).
Another method of enhancing intersection conspicuity is adding dynamic warning signs. These are warning signs on the major roadway that alert drivers of approaching vehicles on the crossroad, either with a flasher or a variable message sign. Although considered experimental by NCHRP Report 500 (6), systems that warn major road drivers of approaching traffic in Virginia, Maine, North Carolina, and Missouri (3, 23) have been documented to reduce the number of severe crashes at the locations where they were installed. Overhead flashers at intersection are an example of a treatment that has met mixed opinions among safety engineers. Overhead flashers are typically installed at locations with a considerable number of crashes. NCHRP Report 500 (6) states that this can be an effective measure. However, Preston and Storm (7) came to a different conclusion about flashers; namely, they recommend that flashers should be removed from consideration in the Intersection Safety Toolbox because they have not been consistently effective. The authors support different mitigation strategies instead, such as using measures to assist minor road drivers in finding safe gaps in traffic, and using measures to improve intersection recognizability, some of which have been described above (7) . Subsequently, the Minnesota Department of Transportation (8) issued a new policy of removing all overhead yellow/red flashing beacons, with the concern that drivers on the minor road approaches are assuming that the overhead flashing beacon is signaling an all-way stop (when it is not). Instead of adding flashing warning beacons over the intersection, it may be better to install the flashing lights on the approach signage, and to have them flash only when vehicles are approaching on the minor road (23).
Selecting the Appropriate Mode of Intersection Control
NCHRP Report 500 (6) mentions that there are several modes of intersection control available. One notable recommendation is to avoid signalization of the through roads; in other words, to avoid installing new traffic signals on high-speed roadways where none currently exist.
It has been well documented that adding traffic signals to unsignalized intersections will decrease angle crashes, but at the cost of increasing the frequency of rear-end crashes at the location (3, 6) . AASHTO (20) recommends that traffic signals be avoided at isolated rural intersections.
One of the major concerns with signalizing highspeed approaches is large trucks. Suppose a truck is traveling between 55 and 65 MPH on an approach to a signalized intersection, and the traffic signal turns yellow. The driver must make a quick decision between stopping the vehicle and continuing through the intersection. Suppose the truck cannot stop. It might be that the yellow change interval is designed according to the ITE guidelines but the truck with limited deceleration capabilities decelerates at a rate lower than the one assumed in the ITE formula. Truck drivers know about this issue and they typically approach signalized intersections at lower speed than other vehicles. In the considered here situation, the truck will be forced to violate the red signal. If the all-red interval is too short to accommodate this situation, this can result in an angle collision with a vehicle released from the crossroad. Another scenario is that if a dilemma zone is present at the intersection, a passenger car that decides to make a sudden stop at the signal could potentially be rear-ended by a truck which is incapable of stopping.
NCHRP Report 500 (6) also presents other intersection control strategies that could be used. Two of them include installing all-way stops or roundabouts at appropriate locations. Unlike the traffic signals, these two intersection controls require every vehicle to reduce speed significantly before entering the intersection, which will eliminate the sudden stop-or-go decision needed when approaching a signalized intersection that has just turned yellow. However, NCHRP Report 500 (6) also recommends using these intersection controls carefully and only when justified based on traffic volumes on both the major road and the cross road (27) . Otherwise, traffic will be required to slow down unnecessarily, causing delays and leading to aggressive driver behavior.
Reducing Operating Speed at Intersections and Roundabouts
Another measure that can be used to reduce the crash severity level of intersections is to reduce the speed of approaching vehicles on the major roadway. NCHRP Report 613 (28, 13) identifies several possible treatments to reduce vehicle speeds on approaches to high-speed intersections. The use of several different kinds of treatments is explored, including the use of static and dynamic signage, rumble strips, channelization, and narrowing of the traveled way. It also explains how different treatments could be used in different situations.
There is growing evidence that roundabouts, if properly designed, may be a good choice for highspeed rural intersections as solution safer than conventional intersections (29) . The case studies by Ritchie and Lenters (29) indicated that modern roundabouts on roadways with high-speed approaches are effective in improving safety if they are properly designed. They also warned that a roundabout will not always result in a safe intersection if its design is inadequate. They concluded that roundabouts can control speed. They also claimed that the statistical evidence of safety improvement at roundabouts located on high-speed roads in the USA is still insufficient due to limited data. Roundabouts used in other countries perform well in rural high-speed conditions. Several roundabouts evaluated examined in North America indicate positive safety performance. These roundabouts have several common elements:
N Entries are sufficiently visible to drivers. N Entry speeds are reduced to be comparable to circulating traffic speeds.
N Splitter islands sufficiently long to allow deceleration from the approach speed to the entry speed.
N Central islands with landscaping that noticeably obstruct ''seeing through.'' N Advance signage, appropriate landscaping, and a night illumination seem to contribute to safety improvement at roundabout sites on high-speed roads.
Grade-separated Interchange
Finally, the most expensive countermeasure is to eliminate the at-grade intersection altogether and introduce grade separation with an interchange. The need for providing connectors between the two roads should be considered. This countermeasure is not studied in the current research effort as the intent of this study is to identify countermeasures that can be implemented with lower costs and impacts. However, it is recognized that there will be some cases where the use of grade separations between the rural divided highway and the minor road can be strongly justified; namely, in cases when no other intersection treatment has adequately addressed all the operational and safety concerns at the location.
Some states, such as Illinois, use the traffic signal warrants, from the MUTCD, to plan for grade separations at existing at-grade intersections, as determined from planning studies done at the time of the construction of the intersection or the divided highway. If a traffic signal is needed within nine years at the atgrade intersection, an interchange will be built immediately; if the traffic signals will be needed within ten to twenty years after the initial construction, the right-ofway for an interchange will be reserved so that the interchange can be built later (9) .
Missouri, on the other hand, does not recommend building a full interchange ''unless the need is truly there'' (18) . Therefore, MoDOT has developed a series of median opening treatments that can help to ''bridge the gap'' between a traditional at-grade intersection and an interchange. Many of these countermeasures have been mentioned previously (such as the offset left-turn lanes and the J-turn intersection). However, one notable option is to use a partial grade separation. Here, one side of the divided highway intersects the minor roadway at grade. The other side of the divided highway is grade-separated over or under the minor roadway, and connecting ramps are used to allow all of the turning movements. The effect is that minor-road drivers are intersecting a one-way street (18, 30) . Another grade-separated alternative that has been implemented, in cases where the grade separation is needed and a full interchange is not needed, is the onequadrant interchange. This is an interchange where a ramp in only one of the four quadrants handles all of the turning traffic between the two roadways (20) . NCHRP 650 (23) illustrates two examples of one-quadrant interchanges from Iowa that were built as part of staged improvements from a traditional intersection to a full interchange. However, the conversion to a full interchange was not needed because the grade separation and one-quadrant ramp had adequately addressed the safety concerns.
Limitations of the Past Research
So far, substantial research on the safety of multilane divided highway intersections has been performed in Iowa, Nebraska, and Minnesota, as well as some in Indiana. In fact, Burchett et al. (2) recommended that more comprehensive research involving more divided highway intersections needs to be done in places outside Iowa. Even though several intersection features that tend to lead to increased crash rates were identified, additional research was recommended to quantify, confirm, and complement the findings.
Many of the previous studies were very limited in scope, investigating a very limited number of intersections (2, 3, 5) . Many of these reports recommended further study in a larger sample of intersections. Some of the research done in Indiana (1) was limited to only one circumstance of intersections on curved segments.
Another limitation in the current literature is that some of these countermeasures are not evaluated for their effectiveness on safety. Maze et al. (3) identified several possible countermeasures that could potentially increase intersection safety. However, the authors merely discussed the implementation experiences that different state departments of transportation have had with some of these measures, and data are lacking to determine just how effective some of these countermeasures are in reducing collisions.
Finally, the literature on some of the potential countermeasures is itself limited in scope. For example, the literature on the ''Michigan Left'' median U-turn treatment focuses more on urban and suburban boulevards at signalized intersections, and less on rural divided highways at unsignalized locations (10, 12, 32) . Furthermore, much research has been conducted on this intersection treatment, albeit in a very different context. Very little is known about the effects of other potential countermeasures on intersection safety; some of them are still considered as experimental. Even though many of these alternatives described herein have shown promising results, more research is recommended (23).
Summary
This literature review provided a summary of current design practices from established design guidelines, safety concerns that have been identified at existing high-speed divided highways, and several countermeasures that are being tried in different areas of the United States. A few of these countermeasures have been tried in Indiana.
The findings from this literature review and the findings from the econometric modeling described in subsequent sections of this report will both be used to develop a series of recommendations on how to improve safety at high-speed rural divided intersections.
DATA COLLECTION

Selection of Intersections
Van Maren (22) indicated that, at the time, there were 800 miles of rural at-grade intersections of multilane highways with minor roadways within the state of Indiana. Since then, the state highway system has changed significantly. Several four-lane rural divided highway corridors exist now that did not exist at the time of that prior study. Several segments of some of these corridors are now planned for conversion to freeway standard, most notably US-31 between Indianapolis and South Bend and SR-37/Future I-69 between Indianapolis and Bloomington. Additionally, several of the divided highways that were considered rural in that study are now located in urbanized areas, particularly along the US-40/I-70 corridor, and in the areas surrounding Gary, Valparaiso, and Indianapolis. As areas become urbanized, increasing volumes of traffic will frequently require signalization of intersections. These urban intersections do not meet the criteria for this study as the focus of this study is the safety of intersections on divided highways in rural areas that do not have signal control.
From all of the high-speed divided highways in Indiana, 557 intersections were selected for the sample size. This sample includes most of the rural high-speed divided highway intersections in the state, which are located in 36 counties and include nine corridors representing all six INDOT districts. Table 3 .1 illustrates the corridors selected, the endpoints of the corridors, and the INDOT districts represented.
The selected intersections are mainly located on the rural divided highway corridors shown in Table 3 .1. Longer corridors are more often represented in the sample because they have more intersections. The number of intersections chosen for each highway tends to be proportional to the highway corridor length.
Geometric Data Collection
Geometric data collection was mainly done using Google Earth (Professional version). This is a software program that provides GIS capabilities and aerial photographs.
Initially, intersections were matched from the GIS file used to complete the Indiana Five Percent Report (1). This GIS file is compiled from two sources: the TIGER line file (U.S. Census Bureau, n.d.) and the INDOT Highway Performance Monitoring System, which provided information on all the roadway segments and classifications and information on all of the intersections between state highways and local highways. Initially, this file contained information on 30,255 intersections. Since the study subject involved only intersections on rural divided highways, it was necessary to filter out the unneeded data. The GIS program was not effective at filtering out the data; therefore, all the divided highway intersections were selected manually. Google Earth Professional was used to match the GIS information with aerial photography.
After the data were imported into Google Earth, the intersection locations were matched with the aerial photography to determine which intersections met the criteria: rural, divided highway, high-speed (at least 45 MPH and up to 60 MPH), and without signal control. It was assumed that a stop bar visible on the major roadway, according to the aerial photograph, indicated a traffic signal at that location and the intersection was dropped from the sample. Intersections were also rejected if the crossroad was clearly a driveway and not a public street.
One of the capabilities of Google Earth is the distance measurement tool. The software is capable of measuring the distance along a user-defined path between two points on the aerial photography. A path can include multiple straight segments and arcs of given radii.
For each intersection that met the criteria, several geometric attributes were collected as follows (see Appendix A for the data dictionary): N Horizontal curvature on both the major road and the minor road, whether the intersection was on the curve or within close proximity to a curve, and the radii of such curves.
N Land uses surrounding the intersection (which may have an impact on the amount of turning or crossing traffic); additionally, it was documented whether the intersection is a point of access into a city or town.
N Whether the minor roadway was a state roadway or a local roadway. Table 3 .2 summarizes the geometric data. Additional relevant data that could not be retrieved from aerial photography included the intersection controls, advanced signage, and vertical curvature, and the ability of the driver to recognize an intersection from some rational distance. This data was collected with the INDOT Video Log. Most of the data collected was from 2006 but some information was retrieved from earlier video logs. Field observations at selected locations have confirmed the correctness of the data collected with the Video Log and Google Earth.
Unlike the geometric data collected previously, it was decided that data from the INDOT Video Log would be collected for each approach to the intersection on the N Advance signage on the intersection approach. This was grouped into five types: conventional, freeway-style, overhead, route number signage, and warning.
-Conventional signage is the type of guide signage found on a conventional roadway, pointing the way to destinations or attractions. Such signage is generally green, blue, or brown in color. -Freeway-style signage is the type of guide signage that is found on freeways or on the approaches to their interchanges. Such signage is generally green in color and much larger than conventional signage. -Route number signage is typically found at junctions between two different state routes. This signage typically consists of stand-alone route shields, with an advanced ''JCT'' sign, and with cardinal directions and arrows at the point of intersection (27) . -Warning signage is typically a diamond-shaped yellow sign warning vehicles that an intersection is coming up ahead. -Any of this signage may or may not be mounted overhead.
N Speed limit data. Some advance warning signage warns of a posted advisory speed that is different from the legal speed limit. The advisory speed, if any, was also one of the elements collected.
-Since there was a change in the blanket speed limit on rural divided highways from 55 MPH to 60 MPH on July 1, 2005, the video logs from 2004 and 2006 were searched to confirm which intersections had a speed limit change. All intersections that currently have a 60 MPH speed limit had a speed limit of 55 MPH before July 1, 2005. However, there are a few intersections where the speed limit, originally 55 MPH, remained 55 MPH after the change. Additionally, there were no changes in the speed limit at intersection approaches with a speed limit of less than 55 MPH before July 1, 2005. These intersections are documented in the data set. -Some intersections that had a warning sign in advance of the intersection also had a sign showing an advisory speed that was less than the legal speed limit. The reduced advisory speed signage may or may not have an impact on the intersection safety. To study the effects, the intersections with a reduced advisory speed were also documented and the advisory speeds collected.
-Intersection recognizability. This is defined by the distance away from the intersection that a driver travelling along the roadway is aware that an intersection is coming up. Traffic control devices greatly aid in this regard; however, there will be some cases in which a driver may be conscious that an intersection is approaching from far away without the aid of traffic control devices, such as an intersection at the bottom of a long downgrade segment. The time to recognize the intersection before reaching it was also determined, based on both the posted speed limit and a constant speed of 100 ft/s (almost 68 MPH). The constant speed is based on the observed speeds on some of the divided highways.
N Additionally, the intersection recognizability distance was compared to the AASHTO (20) criteria for the decision sight distances on the major road, both for stopping (Avoidance Maneuver A based on 3.0 seconds perception/reaction time) and for a speed, path, or direction change (Avoidance Maneuver C based on the worst case 11.2-second perception/reaction time). If there was a deficiency for either criterion, it was noted.
N Surface treatment, asphalt or concrete. The type of surface may affect the friction factor.
N Grades and vertical curvature. These conditions have an effect not just on intersection visibility and recognizability, but also on the ability of a driver to stop. Information was collected on whether it was an upgrade or downgrade, whether there was a crest vertical curve or a sag vertical curve, and the distance of any vertical curve to the intersection. The INDOT Video Log provided information about the grade of the roadway.
N Presence of overhead flashers at the intersection. N The direction of the approach concerned (northbound or southbound; eastbound or westbound; or in the case of US-52, northwest and southeast).
A summary of the intersection approaches can be found in Table 3 .3.
Traffic Count Data
Traffic counts (ADT) for all of the study intersections were collected by using the traffic count maps available on INDOT's website. Data were collected from the most recent flow maps for each county. These data were then multiplied by the flow adjustment factors provided to get an estimate of the traffic counts in each year. The growth adjustment factors used were those for rural principal arterials. Flow adjustment factors were provided for all of the years 2004 through 2007.
It should be noted that the traffic flow maps only contain the traffic volume on INDOT-maintained highways. Therefore, with the exception of 28 intersections where the minor road is also an INDOT highway, traffic counts for the minor roads were not available and the traffic volumes were only collected for the major roadway at the intersection.
For crash frequency modeling (crash data organized by intersection), the average annual daily traffic for the entire study period (2004 through 2007) was also considered; for crash severity modeling, only the ADT of the year of each crash was considered.
Crash Data
Crash data were collected for the years 2004 through 2007. For each crash, there were several data available, some of which were organized by crash, while other data were organized by each vehicle involved.
The following information was organized by crash and not pertaining to any specific vehicle: Of these factors in each crash, the following were considered to be factors that could be remedied by engineering countermeasures: N Surface conditions. While not something engineers have complete control of, some countermeasures could be implemented to counter some adverse conditions. For instance, during winter, when roads are covered with snow and ice, more crashes could occur. This could be addressed by plowing the snow and applying salt on the roads to melt the ice; however, it takes time for agencies to completely clear the roadways. Another surface condition of interest is whether there is standing water on the roadway (i.e., during or after a rain event). If a location experiences multiple crashes where flooding is a factor, one obvious countermeasure would be to improve the drainage.
N Lighting conditions. For crashes that occur at night, whether there is lighting at an intersection could have an impact on the frequency and severity of crashes. NCHRP Report 500 (6) documented how adding lighting at an intersection at night could reduce the frequency and severity of crashes, and the report has documented it as a ''proven'' countermeasure. N Driver visibility. If the drivers reported limited visibility, this information was considered. Table 3 .4 shows the number of crashes where these factors can be taken into account out of the initial sample of 3340 crashes.
Interestingly enough, out of all of the crashes in the sample, 1014 of them involved deer. These crashes were removed from the sample because the focus of the research is improving safety at intersections, specifically looking at intersection-related crashes involving two or more vehicles to analyze the frequency and severity of crashes. By contrast, most deer crashes are singlevehicle crashes (with some crashes being multi-vehicle crashes involving a second vehicle that rear-ended the vehicle that hit the deer) and are, therefore, not intersection-related.
The final data sample contained 2326 crashes that were linked with the sample intersections. Table 3 .5 shows a distribution of crashes by injury severity.
Data Assembly for Statistical Modeling
The statistical analysis of the safety effects used three crash counts models, one for each crash severity level, estimated simultaneously. The statistical sample supporting this analysis and including the crash counts at the three severity levels and the traffic and intersection data needed to be assembled.
Following the INDOT preferences, the fatal and incapacitating crashes (K and A) had been combined together forming a group of severe injury crashes (KA), the non-incapacitating and possible injuries had been combined together forming a light injury crashes group (BC), while property damage only crashes (PDO or O) crashes were separate.
Selecting Time Intervals for Analysis
Crash data reported in 2004 through 2007 were assembled in the statistical sample. The typical practice is to aggregate crash counts in multiples of whole years to reduce the effect of the crash seasonality. However, the speed limit was raised in Indiana from 55 MPH to 60 MPH at the majority of the intersections on July 1, 2005. Therefore, it was decided that an analysis by 6-month intervals would be more appropriate, so as to be able to study the effect of speed limit changes on crashes by using all the available information. Therefore, eight 6-month intervals were applied in the analysis: three 6-month intervals before the speed limit change and five 6-month intervals after the speed limit change.
For the purposes of the modeling approach used, each observation was determined to include all of the crashes at a single intersection during one 6-month interval. Hence the sample contained 557 N 8 5 4456 observations. Of these, 1671 observations were before the speed limit change (the speed limit was still 55 MPH throughout), and 2785 observations were after the speed limit change. 4. MODELING METHOD
Crash Data per Observation
Overview of the Modeling Method
The modeling strategy used is a multivariate (trivariate) ordered probit modeling scheme. The trivariate model is a relatively new modeling approach that permits the modeling of crash frequency and crash severity together. For each level of severity, the model estimates the probabilities of various crash counts given the intersection attributes. The goal of this model is to identify the factors that increase or decrease the frequency of crashes within the considered severity levels.
In Indiana, crashes are ranked in severity using the KABCO scale (K means killed; A means incapacitating injury; B means minor injury; C means possible injury; and O means there was no injury and the crash is a property damage only (PDO) crash). For the purpose of our crash analysis, these severity levels were grouped into three: fatal crashes are grouped together with incapacitating injury crashes (K and A together); minor injury and possible injury crashes (B and C) are also grouped together; and PDO crashes are kept separate from the other crashes.
The research objective is to estimate the effects of various roadway and traffic variables on the crash frequency for each of the three injury severity categories. The expected annual number of crashes is thereby estimated for each of the different levels of severity (KA, BC, and PDO), based on intersection and traffic attributes. The model takes into account the potential correlation between crashes at different severity levels. This approach is different from using three different univariate ordered probit models, which would not take into account the potential correlation between crash severities, herein assuming that there may be correlation between crashes of different severity levels. For example, if an intersection has a large frequency of PDO crashes, it is expected that the intersection will also have a high frequency of more severe crashes.
Modeling Software Used
The modeling software used is the SAS system, version 9.2 (33) . The procedure used is the QLIM procedure.
Modeling Procedure
As explained in Chapter 3, there are 4456 observations, each with differing geometric, traffic, and operational characteristics, and each with differing numbers of KA, BC, and PDO crashes. The distribution of crashes by severity level is as shown in Figures 3.1 through 3.3 .
The dependent variable is the number of crashes at the intersection for each level of severity. This is a discrete-ordered variable, and the data were sorted into bins as shown in Table 4 .1. There are three bins for the fatal and incapacitating injury (KA) crashes, six bins for the minor and possible injury (BC) crashes, and eight bins for the property damage only (PDO) crashes.
The independent variables are the various geometric, land use, traffic, and other attributes of the crashes as The multivariate ordered probit model estimates the probability of the number of crashes for each severity level based on the values of the independent variables. Equation 4.1 shows the univariate ordered probit model formulation on which the multivariate model is based on the following (34):
Where: P is the probability of each outcome at each crash severity level (no crashes, 1 crash, 2 crashes, 3 crashes, etc.), W is the cumulative normal distribution, m i is the threshold, and bX is the product of the vectors of the estimated coefficients and the independent variables, as shown in Equation 4.2:
Each X represents an independent variable, and each b represents the coefficient for each independent variable as estimated from the SAS software. The e represents the error term of the model.
The multivariate ordered probit model differs from the univariate, in that it accounts for cross-equation error correlation between the levels of injury severity.
The independent variables were selected through an iterative process. Initially, all independent variables were put into the SAS software, and the model was further refined depending on whether each variable was significant or not. An independent variable was considered to be statistically significant if the t-statistic was at least 1.6, or if the p-value was not greater than 0.10.
Additionally, some variables appeared to have multicollinearity issues. These were identified when two variables were highly correlated and both statistically significant in the model, with similar t-statistics and pvalues, but with opposite signs. To keep the variable that would best improve the model's statistical fit, the model was estimated with each variable separately. The variable that provided the best overall fit for the model was kept in the estimation results.
The final model contains only variables that were found to be statistically significant. When the final model was developed with the final b coefficients and m thresholds, sensitivity analysis was done using a Microsoft Excel spreadsheet using the multivariate ordered probit variation of Equation 4.1 to determine the probability of each outcome.
Expected Annual Number of Crashes
The expected annual number of crashes (EANOC) for each crash severity is as computed in Equations 4.3 and 4.4. Note that, since each interval is only six months, the final result must be multiplied by two in order to get the annual number of crashes.
Crash Reduction Factors
Crash reduction factors (CRF) are computed for each intersection attribute identified as a possible countermeasure. For each countermeasure variable (and some of the other variables as discussed in Chapter 5), the expected annual number of crashes was found with and without the countermeasure in effect. That is, the sample mean values of all of the other parameters were used, and the expected annual number of crashes was found with the appropriate variable set at a value that represents no countermeasure in place and also with the same variable set at a value that represents the countermeasure in place. All of the studied countermeasures are represented by Where: CRF is the crash reduction factor; EANOC (with) is the expected annual number of crashes with the countermeasure in place; EANOC (without) is the expected annual number of crashes without the countermeasure in place.
Modeling of AADT and Population Effects on Expected Annual Number of Crashes
A series of graphs was developed to illustrate the effects of the countermeasures on the expected annual number of crashes with increasing average annual daily traffic (AADT) and the population of the surrounding areas. Each graph represents the combination of the AADT or the population with one other factor.
For AADT, a range of different traffic volumes (0 through 40,000 vehicles per day in increments of 10,000) was used on the graph; the selected other independent variable (the safety countermeasure) was evaluated at 1 or 0. The sample mean values were used for all other independent variables. These values were used to calculate the expected annual number of crashes on each graph.
A similar set of graphs was developed for the population, except that the population has a range of 0 through 60,000 residents, in increments of 15,000.
RESULTS
The results presented in this section are from the final trivariate ordered probit model, using only the independent variables that were determined to be both statistically significant and having no multi-collinearity concerns. Table 5 .1 presents the model results with the parameter estimates of the variables that were found to be statistically significant at the 0.90 level of confidence. Note that the variables that are shown to reduce the likelihood of crashes are highlighted in bold type.
Variables that are Associated with the Increase in the Crash Frequency
Some of the factors that were identified as leading to an increase in the frequency of crashes at the three levels of injury severity are as follows: Although cited as a safety countermeasure because they remove turning vehicles from the through traffic lanes (6), the model results show that the existence of left-turn lanes is associated with an increase in crashes on the major road. This initially may seem counterintuitive, but it is due to the installation of left-turn bays at intersections where there are larger volumes of left-turning traffic. However, left-turn bays do not exist at all intersections because such left-turn bays are not typically installed at intersections that have lower volumes of left-turning traffic. Since turning movement counts were unavailable, this variable seems to be picking up that effect.
The effect of the right-turn lanes is similar to the effect of the left-turn lanes discussed above. The right-turn lane is cited as a countermeasure, removing the decelerating right-turning vehicles that form the major traffic stream (6); however, since they are not installed at all intersections, right-turn lanes installed at intersections with higher volumes of turning traffic constitute an indicator of increased turning movements. It should be noted, however, that this variable is only significant for PDO crashes, whereas the presence of left-turn bays are significant for crashes of all injury severity categories.
Residential land use in the intersection area is found to be associated with the frequency of crashes in all injuryseverity categories, which is intuitive due to more conflicts with resident and visitor traffic entering and leaving the residential properties, and the residents use the intersection every time they leave and return to their homes.
Similarly, commercial land use in the intersection area is found to be associated with an increased frequency of crashes in all injury-severity categories. Most of the commercial land uses along a high-speed divided highway tend to be the type of businesses that would cater to long-distance travelers (e.g., gas stations, convenience stores, fast food restaurants, and truck stops). Drivers would be traveling along the divided highway, stopping at businesses to purchase food and fuel, rest, and use the restrooms, and then continue their trip. This situation thereby leads to an increase in turning traffic at the intersection, which in turn leads to more crashes. It should be noted that the magnitude of this effect is stronger than the effect of residential land uses, as indicated by the marginal effects in the sensitivity analysis presented in the next section, even though both are statistically significant. The average annual daily traffic at the intersection is found to strongly affect the frequency of BC and PDO crashes, which confirms the results of past research (23, 2, 35, 36, and many others). This finding is discussed in depth later in this section.
The presence of a city or town along the minor roadway leads to an increase in all injury-severity level crashes. Furthermore, it was shown that the higher the population of the city or town, the higher will be the number of crashes. This result is logical because people will be using the minor roadway to access the city, town, or any other populated area, thereby leading to higher traffic counts on the minor roadway and higher turning movement volumes and crossing traffic volumes at the intersection with the divided highway. This finding is also discussed in more detail later in this section.
The intersections where the speed limit remained unchanged at 55 MPH throughout the analysis period were found to have more BC and PDO crashes than the intersections for which the speed limit increased from 55 to 60 MPH. This finding is somewhat surprising since driving at higher speeds is known to be more accidentinducing. Normally, one would expect more crash occurrences in locations where the speed limit is higher. However, keeping the existing 55 MPH speed limit (instead of raising it to 60 MPH) at these intersections may have been dictated by safety concerns. Thus, the seemingly counterintuitive results could be caused by the endogeneity of the variable. An interesting finding, however, is that intersections that experienced the speed limit increase to 60 MPH were associated with more PDO crashes. This may still be, though, a result of the decision selection process of accident-prone intersections.
Another factor that was found to affect the crash frequency within the BC and PDO categories was whether the minor roadway was a U.S. or State roadway under INDOT jurisdiction. In other words, this could imply that there would be more traffic on the minor road, more crossing and turning maneuvers, and therefore more crashes.
The presence of railroad crossings on the major roadway was also an important factor identified in the BC category. Railroad crossings are expected to disrupt the traffic on the major roadway; sometimes, the resulting queues may impact intersection operations. If the railroad crossing is on the minor roadway, however, vehicles may not be able to clear the tracks before the arrival of a train. The presence of any atgrade railroad crossing will have a negative impact on intersection operations. This finding should be taken with caution, however, as there were only three intersections in the sample with at-grade railroad crossings on the major road.
The presence of horizontal curvature on the major roadway was found to have mixed effects on PDO crashes. It appears that one horizontal curve near the intersection reduces PDO crashes, whereas two or more (one on either side, along the major and/or minor roadway) have an increasing effect. The result obtained for a single curve contradicts other research showing that intersections on curves are less safe (2, 14) . Where horizontal curves exist in the intersection area, it may be difficult for drivers stopped along the minor road to find safe gaps in the traffic (2, 6). Additionally, large amounts of superelevation on the curve will also have a negative impact on intersection safety (14) .
Finally, at intersections which are not recognizable to drivers approaching on the major roadway, who do not have to stop, there is an increased chance that, should another driver on the minor roadway enter the intersection, the driver on the major road would be unable to stop or make some other evasive maneuver to avoid a collision. Additionally, if the driver intends to turn off the major roadway and does not recognize the intersection, that driver might not be able to turn at the desired location and be forced to take another routeor worse, might brake abruptly -potentially causing a rear-end collision; or turn the corner at excessive speed, potentially running off the road or having an angle crash involving a stopped vehicle.
Factors that Reduce the Likelihood of Crashes
The factors that were found to decrease the frequency of crashes in the three injury severity levels are as follows: Three-leg intersections were found to reduce crashes at all levels of injury severity. Although these intersections were not found to be specifically significant, several other variables (one left-turn bay on major road, left-turn taper acceleration lane exists in one direction only, right-turn acceleration lane exists in one direction only) do tend to reflect the three-leg intersection. These results tend to show that three-leg intersections are safer than four-leg intersections. This finding is intuitive because three-leg intersections have fewer turning movement conflicts compared to four-leg intersections, and there are no crossing conflicts as all traffic on the minor roadway must turn either left or right.
A left-turn parallel acceleration lane is a lane in the median that permits a driver turning left from the minor road, after crossing the near-side traffic stream, to accelerate and then merge onto the highway into the far-side traffic stream, much like a left-side freeway entrance ramp instead of having to enter the far-side traffic stream from a full stop. Essentially, the median acceleration lane has the effect of allowing a ''twostage'' left-turn maneuver, even when the median is narrower. The expected effect of this is a reduction in angle crashes, which are a major problem with highspeed intersections. NCHRP Report 650 (23) illustrates, with Minnesota's crash data, that angle crashes are one of the most frequent crash types at high-speed intersections, most of which involve difficulties with gap selection. Burchett and Maze (2) showed that the majority of angle crashes involve far-side traffic (i.e., traffic coming from the right) and involve difficulties with gap selection. Since the left-turn median acceleration lane mitigates the need to select gaps in traffic on the far side of the highway, it is expected that the acceleration lane would reduce these types of angle crashes. Another effect of the left-turn parallel acceleration lane is that it allows more space for a driver on the major road to make an evasive maneuver should that be necessary.
The effect of median acceleration lanes on crash performance is extremely strong. This effect was therefore tested in combination with other factors (AADT on major road, presence of left-turn bays on major road, crashes related to each highway corridor, and crashes related to the six different INDOT districts) to determine which of these factors had a stronger impact than the median acceleration lanes on crashes. No other significant factors could be found. These tests confirm that median acceleration lanes have an extremely positive impact on improving safety.
The presence of right-turn acceleration lanes on the major roadway was found to significantly reduce KA crashes. This countermeasure is also expected to reduce angle crashes because it removes the need to look for gaps in near-side traffic. Instead of having to seek gaps in the near-side traffic, drivers turning right will turn into an acceleration lane and merge (similar to merging at a freeway entrance ramp). Note also that this variable addresses the right-turn acceleration lane on one side only. However, this could also reflect that these acceleration lanes may have been installed mainly at three-leg intersections.
Intersections with 75-to 90-degree angles were also found to reduce PDO crashes, which is in line with the AASHTO (20) recommendation to avoid building intersections with a severe skew angle. AASHTO (20) states that intersections should have angles as close to 90 degrees as possible and angles smaller than 60 degrees should be avoided. In addition, intersections with at least 80 feet wide medians had a similar effect on PDO crashes. A wider median makes it easier for larger vehicles to make two-stage crossings. With a wider median, drivers will be more confident that they can cross the first half of the divided highway and be able to safely wait for gaps in the far-side traffic before completing the crossing maneuver (or left turn).
Finally, the existence of driveways in the intersection area was found to reduce PDO crashes. This result is questionable. One would reasonably expect that there would be more crashes if there are more conflict points and less access control. These driveways in the intersection area typically lead to commercial and residential land uses. NOTE: For this graph, the measure used is whether the intersection is recognizable at 1.2 times the AASHTO stopping sight distance, which is taken at the posted speed limit. The intersection is considered recognizable when a driver is made aware of the intersection when at least that far away from it. Notice that, in all cases, when the average annual daily traffic increases on the major roadway, the number of crashes will also increase. Similarly, as the population of surrounding cities and towns increases, the number of crashes at the intersection will also increase in all cases. Table 5 .2 shows the crash reduction factors for fatal and incapacitating injury crashes (KA); Table 5 .3 shows the crash reduction factors for minor injury and possible injury crashes (BC); and Table 5 .4 shows the crash reduction factors for property damage only (PDO) crashes. In all cases, the crash reduction factors were estimated for the effect of having the measure in place (1) versus not having the measure in place (0), as well as the effect of having the measure in place versus the sample mean.
Graphs of AADT and Intersection Effects
A positive value indicates that the measure reduces crashes and therefore improves safety; a negative value indicates that the measure results in an increased number of crashes and therefore has a negative impact on safety.
Note that acceleration lanes, angles between 75 and 90 degrees, medians at least 80 feet wide, right-turn taper acceleration lanes, and increased recognizability of intersections, all contribute to increased intersection safety. The countermeasures that have the strongest effect are the acceleration lanes, with left-turn and right-turn acceleration lanes both showing a very strong improvement in safety.
The Effect of U-Turns
To assess the effect of U-turns on safety, data from 72 two-way stop-controlled intersections in the state of Michigan were collected. The Michigan dataset is very similar to the Indiana data. The differences are contained in: N The speed limit: In the Indiana dataset the speed limits vary from intersection to intersection and, in some cases (in some non-freeway roads) within the same intersection, whereas in Michigan they are 55 miles per hour; and N The information derived from the INDOT Video Log: such as signage and recognizability, which is not available for Michigan.
Given that there was no information on the Michigan intersections with respect to crashes before the location of U-turns, a before-and-after study was not possible. Such a study would clearly illustrate the true effect of Uturns on the studied intersections. Therefore, the methodology employed was as follows: (a) identify the effect of U-turns and other factors on safety in Michigan intersections, (b) test whether the model parameters are transferable between the Michigan and Indiana datasets, and (c) draw inferences with respect to the model estimation results for both states.
The same modeling scheme followed in Indiana was applied in the Michigan dataset, and multivariate (trivariate) ordered probit models were developed for the same injury severity levels as in Indiana. Surprisingly, the model estimation results illustrated that U-turns do not improve safety; on the contrary, they were found to be associated with increases in the BC crash category and were statistically insignificant in the KA and PDO crash categories). Although this, at first, may appear to be a counter-intuitive result, it can be explained. First of all, Uturns are typically located at signalized intersections to improve their operation; therefore, it would be expected that U-turns are located at unsignalized intersections in Michigan with the same objective (i.e., to improve the intersection's operation. Secondly, if the U-turns are located at intersections in Michigan with the objective to improve safety, this would imply that these intersections had some safety issues, which translates into higher numbers and severity levels of crashes, which, in Statistics, is referred to as endogeneity). Therefore, in that case, the U-turns do not represent a safety counter-measure, but rather indicate the presence of a safety problem at the intersections, which in turn is clearly depicted in the model estimation results in the Michigan models.
The transferability of the model parameters between Indiana and Michigan data was tested using likelihood ratio tests (34) . The tests clearly showed that the model parameters are not transferable. This result means that no inferences should be drawn as to whether the effect of the U-turns in Michigan intersections can be assumed to be similar to Indiana intersections. To further validate this result, and since the correlation between the injury categories in the trivariate ordered probit model for the Michigan intersections was not as highly significant as in the Indiana intersections model, univariate ordered probit models were additionally estimated, and the transferability of the parameters between the two datasets (Michigan and Indiana) was evaluated. The test results illustrated once more that the model parameters cannot be assumed to be transferable between the Michigan and Indiana datasets.
Appendix B presents the representative model estimation results and likelihood ratio tests for the evaluation of the parameters transferability between the Michigan and Indiana models.
There are several reasons as to why the transferability test was inconclusive and the model parameters were not transferable between the Michigan and Indiana datasets. First, there was missing information in the Michigan dataset, as discussed earlier in this section, and omitted variables typically result in biased parameter estimates. Second, perhaps there are different ways that data are collected in the two states, which may result in variable-specific inconsistencies. Finally, the Michigan dataset is much smaller compared to the Indiana dataset, which may magnify potential irregularities in the data, and which in turn may result in biased parameter estimates. Add right-turn acceleration tapers at either a three-leg or a four-leg intersection 34.2% * As explained earlier, an endogeneity issue may be present regarding the association of the increased speed limit on the improvement on safety with respect to PDO crashes.
RECOMMENDATIONS
In this chapter, recommendations are offers on how to improve safety at high-speed rural divided highway intersections. These recommendations are based both on the modeling results discussed previously, as well as on the literature review. These recommendations are with respect to improving safety for construction of new high-speed divided highways and for existing intersections with higher crash potential.
Recommendations for New Constructions
The recommendations for new construction are as follows: N Design left-turn bays and right-turn bays at intersections along the major roadway, to allow turning traffic to decelerate away from the through traffic before turning. NCHRP Report 500 (6) and other sources have documented the clear safety benefits of having deceleration lanes for turning movements, and it is considered to be a ''proven'' countermeasure by NCHRP Report 500 (6) .
N Design the median at 80 feet wide minimally in the intersection area. It was shown in this research that there are fewer crashes at intersections with medians at least 80 feet wide than at intersections with narrower medians. The wider medians allow more opportunities to make a two-stage crossing by giving ample space in the median to store larger vehicles.
N If the median must be significantly narrower than 80 feet wide at an intersection because of right-of-way constraints, especially if the median must be no more than 25 or 30 feet wide, intersections might be limited to 3 legs if possible. Three-leg intersections do not have a crossing conflict involving the minor road; they only have potential turning conflicts. The results of this research have demonstrated improved safety at three-leg intersections than at four-leg intersections. Since all minor road traffic is required to turn onto the major road at a three-leg intersection, the median can store vehicles turning left without needing to be as wide as a median that must store a crossing vehicle.
N Consider left-turn acceleration lanes in the median to assist drivers turning left from the minor roadway in entering the major roadway. This solution is particularly recommended where the median is narrow.
N Avoid locating intersections on horizontal curves on the major roadway. Several studies have documented that intersections near horizontal curves do experience more crashes than intersections on tangent segments. The results from this study confirm those previous results.
N Avoid locating intersections close to an existing at-grade railway crossing. The possible negative effect was shown in this research. Although this result should be confirmed with a large study, it is prudent to follow this recommendation if it does not involve considerable extra costs.
Recommendations for Improving Safety at Existing Intersections
Recommendations for improving safety at existing intersections are as follows:
N Convert direct left turns and crossing maneuvers into indirect maneuvers by closing off or restricting the movements that can be made at the median and adding U-turns in the median. With the minor road through and turning movements prohibited across the highway, and redirected to other routes, usually a U-turn, the number of conflicts in the median is reduced, and a two-stage leftturn or crossing is facilitated.
N Adding parallel acceleration lanes in the median. The research results from this research and other studies show some safety benefits resulting from the use of a left-turn median acceleration lane. This result is due to vehicles turning left onto the major road being able to more easily enter the highway, without necessarily having to find a gap in the far-side traffic where the bulk of angle crashes occur. However, the median acceleration lanes will not solve a crash problem involving crossing traffic if the median is not wide enough, nor will it remedy a crash problem involving near-side traffic.
N Add larger signage to make the intersection more conspicuous. The results of this research and several other studies have shown some safety benefits from making intersections more conspicuous, possibly with larger signage.
N Add lighting. If the majority of crashes at an intersection occur at night, the addition of lighting at night can greatly reduce the probability of crashes. NCHRP Report 500 (6) lists it as a ''proven'' countermeasure.
N Build grade separations only where absolutely necessary.
Grade separations are costly to build and are associated with higher user costs since travelers will have to take indirect routes to turn between the major road and the minor road unless there is a one-quadrant ramp or an interchange that allows such movements. Grade separations should be considered only where: (a) a planning study indicates a need (e.g., where warranted by higher traffic volumes or where freeway conversion is proposed for the major roadway); (b) topographic or other considerations preclude the use of other treatments (e.g., grade separations are often justified where there is an at-grade railroad crossing in the intersection area); or (c) all other countermeasures have been tried and have failed to improve intersection safety.
Recommendations for Pilot Studies in Indiana
Out of the number of potential countermeasures that could potentially be implemented, the systems based on advanced detection of vehicles and warning the drivers about potentially dangerous gaps on the major road seems to be quite promising from a safety and cost effectiveness point of view. For example, the Cooperative Intersection Collision Avoidance Systems-Stop Sign Assist has been thoroughly tested and calibrated, but it still awaits field studies to estimate and eventually confirm its safety benefit. A pilot study of this or a similar system in Indiana is recommended.
Other suggestions for pilot studies include safety countermeasures that are considered to be proven but still require research to better identify design conditions of their use and also estimation of the crash reduction factors to promote them as safety countermeasures at existing intersections. They include:
N Median acceleration lanes; N Indirect left turns (such as U-turns and J-turn); and N Enhanced intersection approach signage.
A promising solution that deserves pilot studies is roundabouts. The NCHRP Report 613 (28) report encourages using roundabouts to reduce speed and safety at existing and new intersections. It also admits that multilane roundabouts exhibit lower safety performance then single-lane roundabouts due to additional potential of conflict between vehicles exiting the roundabout and other remaining on the circulatory roadway. The case studies by Ritchie and Lenters (29) indicated that modern roundabouts on roadways with high-speed approaches may be effective in improving safety. The authors also warned that a roundabout will not always result in a safe intersection if its design is inadequate. They emphasized design conditions important for safety performance of roundabouts on highspeed roads.
CONCLUSION
The Indiana Five Percent Reports over the past several years identified a safety problem concerning atgrade intersections on high-speed divided highways. Hence, a research project was proposed to identify which factors tend to increase the frequency and severity of crashes at these intersections and then identify countermeasures that could be used to improve safety.
The safety recommendations of this research were based on both a literature review and a statistical analysis of 557 existing intersections in Indiana, and 72 existing intersections in Michigan. Statistical analysis was performed in order to identify what factors tend to increase the frequency and severity of crashes at existing intersections. The literature review aimed to identify existing design guidelines at high-speed rural intersections as well as the experiences of other states in terms of their crash experience in order to recommend several promising countermeasures that could be implemented.
A number of factors were identified as causes of increases in the likelihood of crashes at the three severity levels: increased turning traffic (using the presence or absence of left and right-turn bays as a surrogate measure); horizontal curves within the intersection area; traffic volumes at the intersection on both the major and the minor roads (using as surrogate measures for the minor road the land use, population of the areas immediately surrounding the study location, and the road functional class); at-grade railroad crossing in the intersection area; and lack of conspicuity. On the other hand, acceleration lanes for both left and right turns, increased median width, an intersection angle that is close to perpendicular, and the presence of three legs (instead of four) at the intersection were all factors found to decrease the likelihood of crashes at the severity categories. These results are in line with other research results as documented in the literature review.
Based on the results of this research and other studies, the following recommendations are made to improve safety at new intersections as well as at existing intersections. For new intersections, constructing wide medians is suggested; in cases where this is not possible and a narrow median needs to be constructed, reducing the legs of the intersection to three is suggested. It is also suggested that intersections be placed away from horizontal curves and at-grade railroad crossings. At existing intersections, closing off the median or restricting certain maneuvers is suggested. Median acceleration lanes can be added as well in order to provide for a two-stage crossing or left-turn maneuvers. Enhanced guide and warning signage can be used to improve conspicuity; and adding illumination can especially aid with this at night. The practice of adding left-and right-turn bays should be continued as this countermeasure has been proven to make intersections safer. All of these countermeasures can help improve safety without having to build grade separations, which should be used only when absolutely necessary due to the associated high costs to both the roadway agency and the traveling public.
The median acceleration lane, the J-turn (indirect left turn), U-turns, and the enhanced guide signage are all recommended for further study in Indiana.
Directions for Future Research
Although the modeling that was done in Indiana was based on many intersections, the bulk of the findings were due to factors that all increased the likelihood of crashes at the different severity levels. Very few of the intersections studied had any of the countermeasures implemented as suggested in other studies. For instance, only 46 of the 557 intersections studied had median acceleration lanes, and the majority of these intersections were located on the same highway corridor of the same INDOT district. Even fewer intersections had a median width greater than 80 feet. Only three intersections had at-grade railroad crossings on the major road; whereas, only one intersection had a partial J-turn installed, without the U-turns that would have permitted all movements (14) , and it was replaced with a grade-separation in 2006.
The only way to identify whether all of these potential countermeasures are truly effective is to apply reasonable research findings in practice. For example, the various countermeasures contained herein could be installed in new intersections, and their effectiveness then evaluated further with a before-and-after study.
Future research could further involve the analysis of intersections in other states that have implemented some of these countermeasures extensively. For example, research could be conducted on intersections in Michigan to quantify the effects of median U-turns with respect to improving intersection safety. That undertaking would require exhaustive data collection that would include information about the same intersection before the location of the U-turn and after. Similarly, research could be done with intersections in Ohio to quantify the effects of offset left-turn lanes or their enhanced signage practices.
Additionally, it is recommended that the suggested countermeasures be implemented in Indiana, potentially as a pilot study. A before-and-after study could then be conducted to prove their benefits in improving safety. For instance, more median acceleration lanes, U-turns, or J-turns could be built in Indiana, or enhanced signage and warning devices (such as the Cooperative Intersection Collision Avoidance Systems-Stop Sign Assist) could be installed at selected locations to show that they are truly effective. A test of any new countermeasure should determine whether the results in Indiana agree or disagree with other studies that have been conducted to date, or if the experience in Indiana is similar to or different from the experience in other jurisdictions. In all cases, a before-and-after study should be conducted. Particular emphasis on any pilot studies conducted should focus on which intersections would benefit the most from the different types of countermeasures available. NCHRP Report 650 (23) is an excellent resource in this regard; however, other research studies could serve as a guide.
Additional before-and-after studies of the safety effect of overhead flashers are needed. Although intended to increase recognizability at intersections, the results from this study agree with prior research that the presence of overhead flashers at intersections has not been consistently effective in reducing crashes. Instead, flashing lights could be installed on the advance signage (8) and could possibly flash only when approaching vehicles are present on the minor road approaches as described in NCHRP Report 500 (6) and NCHRP Report 650 (23). If these alternative flashers are implemented in Indiana, research should be done to determine their effectiveness compared with intersections that have traditional overhead flashers and intersections with no flashers.
Finally, it is recommended to continue monitoring other research studies to determine when, or if, other promising countermeasures may be suitable for implementation (e.g., the Intersection Decision Support System) and to monitor other jurisdictions' experiences with various other countermeasures that have been proposed in an attempt to improve safety conditions. 
